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Process Excursion Detection 

Field 

[0001] This invention relates to the field of inspection equipment. More particularly, this 
invention relates to inspection equipment for the integrated circuit fabrication industry. 
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Background 

[0002] Modem integrated circuits, such as monolithic semiconductor devices formed on 
substrates of Group IV materials such as silicon or germanium, or Group III-V materials 
such as gallium arsenide, or combinations of such materials, are fabricated using 
5 extremely complex processes. These processes can be generally categorized into a few 
different groups, such as photolithographic, deposition, and etching. Process steps that 
fall into one or more of these different groups are applied over and over again, forming 
the integrated circuit layer by layer, until it is completed. 

[0003] Because both the integrated circuit itself and the process by which it is formed are 
10 so complex, there are innumerable ways in which defects and flaws can creep in to the 
fabrication process. Such defects are able to not only degrade the ability of the integrated 
circuit to function properly, but can reduce its anticipated lifetime, or cause it to not 
function at all. These defects can be related to a myriad of different sources, such as 
materials issues, handling issues, and process capability issues. 

15 ' [0004] Because of the great number of potential pitfalls during integrated circuit 
fabrication, and the extreme cost associated with the defects caused by such, it is very 
important to become aware of defects and identify their sources as soon as possible. In 
this maimer, there might be some type of remedy or rework that can be timely applied to 
the integrated circuits that exhibit the defects, or more likely, the source of those defects 

20 can be corrected as soon as possible, so that additional integrated circuits are not 
impacted by the problem. 

[0005] Thus, in-line inspections are an important part of the integrated circuit fabrication 
process. These inspections are conducted at many different points during the fabrication 
process, and in some instances are conducted virtually after each individual process step. 
25 In this maimer, defects and their sources are hopefiiUy detected and identified in a timely 
manner, before too many integrated circuits are affected. 

[0006] One important classification of such inspections are optical inspections, meaning 
inspections that are intended to identify defects that can be seen in some manner. These 
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optical inspections have traditionally been done manually, meaning that a human 
inspector looks at the substrate, typically called a wafer, on which the integrated circuits 
are formed. First, an inspection may be conducted with the naked eye, which hopefully 
detects large defects, or large patterns of defects. Next, the inspector may look at the 
5 substrate xmder some type of microscope to determine additional information about the 
nature of the defects, or to detect defects which cannot be observed by the naked eye. 

[0007] Unfortunately, such manual mspection of substrates is somewhat insufficient. For 
example, such manual inspection is extremely tedious to perform. Thus, human 
inspectors tend to tire and stop noticing the more subtle defects. In addition, due to the 
10 difference in the training, experience, and ability from one inspector to the next, the data 
that is produced in this manner tends to be extremely difficult to integrate into a 
production system that can use the data to identify problems and improve processes. 

[0008] For this reason, various automated optical inspection methods and analysis 
systems have been developed. Unfortunately, such systems tend to be very limited in 
15 their capabilities as compared to a human inspector, generally because of their more 
limited cognitive and associative abilities as compared to a human. Thus, such 
automated optical inspection and analysis systems often miss things that an experienced 
and careful human inspector would find. 

[0009] Thus, well trained and alert human inspectors tend to recognize and identify 
20 defects better, but automated systems are less subjective and more repeatable. What is 
needed, therefore, are automated analysis methods that increase the ability of an 
automated inspection and analysis system to recognize the sources of defects. 
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Summary 

[0010] The above and other needs are met by a method for analyzing defect information 
on a substrate, including logically dividing the substrate into zones, and detecting defects 
on the substrate to produce the defect information. The defect information from the 
5 substrate is analyzed on a zone by zone basis to produce defect level classifications for 
the defects within each zone. The zonal defect level classifications are analyzed 
according to at least one analysis method. The defect level classifications are preferably 
selected from a group of defect level classifications that is specified by a recipe. 
Preferably, the at least one analysis method includes at least one of zonal defect 
10 distribution, automatic defect classification, spatial signature analysis, and excursion 
detection. The defect level classifications preferably include at least one of individual 
defect, defect cluster, and spatial signature analysis signature. In one embodiment the 
defect information is logically divided into configurable zones after the defects on the 
substrate have been detected. 

15 [0011] According to another aspect of the invention there is described a method for 
detecting process excursions from defect information from a substrate, including 
analyzing the defect information based on a list of selectable factors to determine spatial 
signature analysis signatures. A process problem identification is selectively assigned to 
the substrate based on a combination of more than one spatial signature analysis 

20 signatures detected on the substrate. The list of selectable factors preferably includes at 
least one of a number of events, an average density of an event, a number of die affected, 
an effective length of event, an area covered by event, and a location of event relative to 
substrate center. 

[0012] Preferably, the step of selectively assigning the process problem identification is 
25 accomplished with a table that mcludes a numeric process problem identification, a string 
process problem identification, a Boolean expression of component spatial signature 
analysis signatures, a remedial action, a notification action, a layer identification, and a 
severity level. The step of selectively assigning a process problem identification to the 
substrate most preferably includes assigning a substrate identification to the substrate and 
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storing the substrate identification and the process problem identification in a database. 
Preferably, more than one process problem identification can be assigned to each 
substrate. 

[0013] According to still another aspect of the invention there is described a method for 
5 detecting process excursions, including detecting defects on a selectable set of substrates. 
The defects detected on the set of substrates are composited into an effectual substrate 
defect set. The effectual substrate defect set is analyzed with a spatial analysis routine. 
The spatial analysis routine preferably includes at least one of spatial signature analysis 
and repeater analysis. In various embodiments, the selectable set of substrates includes 
10 substrates that all belong to a given lot, or every nth substrate fi-om a given data set, 
where n is an integer that is greater than one. The step of compositing the defects into an 
effectual substrate defect set preferably includes at least one of translating and rotating a 
data set firom a given substrate as needed to align with data sets from other substrates. 

[0014] According to yet another aspect of the invention there is described a method for 
15 classifying defects on a substrate, including analyzing the defects with a first analysis 
routine that is adapted to classify larger patterns of defects, and analyzing the defects that 
were not classified with the first analysis routine with a second analysis routine that is 
adapted to classify smaller defects, using ou^ut from the first analysis routine as input to 
the second analysis routine. Preferably, the first analysis routine is spatial signature 
20 analysis, the second analysis routine is automated defect classification, and the output 
fi-om the first analysis routine includes bounding boxes firom the spatial signature 
analysis. 
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Brief Description of the Drawings 

[0015] Further advantages of the invention are apparent by reference to the detailed 
description when considered in conjunction with the figures, which are not to scale so as 
to more clearly show the details, wherein like reference numbers indicate like elements 
5 throughout the several views, and wherein: 

[0016] Fig. 1 is a flow chart of a method of zonal analysis according to the present 
invention. 

[0017] Fig. 2 is a flow chart of a method of determining process excursions based on 
combinations of spatial signature analysis signatures according to the present invention. 

10 [0018] Fig. 3 is a flow chart of a method of spatial wafer stacking according to the 
present invention. 

[0019] Fig. 4 is a flow chart of a method of hierarchical classification of defects 
according to the present invention. 

[0020] Fig. 5 is a flow chart of a method of using spatial signature analysis in zonal 
15 analysis according to the present invention. 
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Detailed Description 

[0021] This disclosure presents four methods that can be used individually or in 
combination with one another to enhance the identification of defects and their sources 
during automated inspection and analysis processes. These various methods can be 
5 implemented in a variety of ways. For example, these methods can be implemented in 
stand-alone optical inspection tools, or as modules that are called by an analysis routine, 
whether that routine be based in an adaptable, programmable inspection tool or remotely 
from the inspection tool, or as stand alone routines that may be invoked as desired on a 
data set that is input or otherwise identified by the user. 

10 [0022] Most preferably, these methods are implemented as software routines that run on 
a computing platform, such as a standard personal computer type platform, as might be 
adapted to control the operation of and receive data from an automated optical inspection 
tool Thus, in various embodiments, these methods take the form of either hardware or 
software, or a combination of the two. For example, embodiments of the present 

15 methods can be sold to end users as software routines on computer readable media, such 
as diskettes or compact disks. Altemately, embodiments can take the form of firmware 
upgrades to be installed in existing inspection tools. Thus, the descriptions of the various 
embodiments herein, which are mostly described in terms of methods, are not to be 
limited to method steps alone, but also to physical embodiments of those methods. 

20 [0023] These methods are primarily concerned with the analysis of data that has already 
been generated, such as data that is generated by the optical inspection of a substrate, 
where the data represents the properties of defects that have been detected, such as 
location, shape, and size. However, in altemate embodiments, the data could conceivably 
be generated in some other manner. Further, the primary purpose of the methods 

25 described below is to determine in a timely manner whether a deleterious and correctable 
event has occurred, such as a process excursion, so that the event can be corrected before 
additional substrates are misprocessed or otherwise damaged. However, in other 
embodiments the data is analyzed for other purposes, such as for general process 
improvement. 
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Zonal Defect Level Classification 

[0024] Various problems that occur during substrate processing frequently leave 
characteristic signatures on the substrate, in the form of optically detectable defect 
distributions. For example, one type of signature is a ring, which might be perceptible to 
5 the naked eye. However, the ring - which is the signature - is actually formed not of a 
single, continuous defect, but of a series of smaller defects. Recognizing the signature 
from an analysis of the pattern of the individual defects is called spatial signature 
analysis. If spatial signature analysis is not performed, it is likely that one will miss the 
forest for the tress, so to speak. In many cases, such signature defect distributions are 
10 traceable to a particular process problem, and also appear in specific and repeatable 
locations on the substrate from one occurrence to another. 

[0025] To perform zonal analysis, the defects on the substrate are detected, as given in 
block 12 of Fig. 1. Either the substrate itself or the defect data is logically divided into 
several zones of interest as given in block 14, and defects are binned according to the 

15 zones in which they are found. One of the disadvantages of prior art methods of zonal 
analysis is that they are extremely inflexible. They can only analyze substrate zones for 
certain event level properties, such as the number of defects and the density of the defects 
in each zone. Thus, they are particularly unsuitable for an integrated analysis that uses 
additional analysis techniques. For example, because these event level properties are 

20 divided into zones, they tend to be in a form that is difficult, if not impossible, to use in 
spatial signature analysis, or other advanced cognitive analyses. 

[0026] According to the present invention, zonal analysis is recipe driven, in that all 
aspects of the zonal analysis relevant to the user are configurable through a recipe. 
Preferably, the zonal analysis works on arbitrary defect distributions specified by a list of 
25 attributes. For example, the zonal analysis can be performed with individual defects, 
defect clusters, spatial signature analysis signatures, and so forth in mind. 

[0027] Thus, rather than producing event level classifications like the prior art methods 
of zonal analysis, the present method generates defect level classifications as given in 
block 16, using the recipe instructions input by the user, or entered from a central 
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database. Various class identifications are preferably assigned to each of the defects in 
the input distribution. For example, these class identifications can identify classes such 
as clusters, spatial signature analysis signatures, and so forth. 

[0028] One of the significant differences between the preferred method according to the 
5 present invention and existing zonal analyses is that the latter are limited to identifying 
zonal membership for individual events, such as defects, defective pixels, defective dies, 
and so forth. However, the method described herein preferably classifies individual 
events into visually recognizable patterns of events, such as a spatial signature, as a first 
step. Each recognized pattern, rather than just individual events, is then subsequently 
10 treated as a single entity during a zonal analysis. Users preferably configure a list of 
patterns that are of interest to them, and also a list of zones that are of interest to them. 
Most preferably, the patterns in the one list are associated with the zones in the other list, 
based on a relationship between them as determined by previously identified process 
problems. 

15 [0029] For example, users may wish to identify long straight scratches or other such 
events (the partem of interest) near the wafer notch (the location of interest), because they 
know that the relationship between this pattern and this location indicates an identifiable 
process problem, which is preferably automatically brought to the user's attention by the 
system when the relationship is detected in the data. The user may decide to not set a 

20 specific relationship for long straight scratches in other locations on the substrate, 
preferring instead to just be made aware of such, without being notified of any 
predetermined relationship. Alternately, the user may set up several such relationships, 
depending at least in part upon where on the substrate the pattern of interest is located. 

[0030] Thus, zonal analysis is performed on patterns of interest treated as determined by 
25 the user recipe. If a signature falls into a zone of interest, the signature is preferably 
reclassified according to the user recipe. The resulting classification provides much more 
accurate information for identification of certain types of process problems. It allows the 
user to readily distinguish between two causes that leave spatially identical signatures on 
the substrate, but which are located at different characteristic zones on the substrate. 
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[0031] On the other hand, existing zonal analyses merely separate events into zones and 
determine certain properties of the zones, such as the number and density of events in 
each zone. However, they do not tie together this information with either the spatial 
pattern of event clusters or any other attribute of the event. 

5 [0032] Thus, the preferred methods according to the present invention provide a more 
flexible analysis targeted at spatially correlated events of interest. The result of the 
analysis is a reclassification of the whole pattern into a new class that carries information 
not only about the spatial pattern but also about its spatial context on the substrate. The 
existing methods only determine membership of individual events to substrate zones and 
10 calculate simple properties of the zones based on the result, such as the number of events 
per zone. However, calculation of these properties is easily available in the present 
method as well. 

[0033] It is noted that the target for zonal analysis in the present invention does not 
necessarily need to be a spatial pattern. It can be a cluster of events based on any other 
15 event level attribute, such as repeater or cluster identification. Further, the word "event" 
as used herein includes several concepts, including defect, defective pixels, defective die, 
or any other spatially definable event on the substrate. 

[0034] Fig. 5 is a more detailed flow chart of the process flow 52 according to the present 
invention. As mentioned above, the detected defects are analyzed, and classifications are 

20 preferably generated for spatially related defects, as given in block 54. In addition, 
higher level objects are preferably created, consisting of spatial signatures of particular 
shape. Each of the signatures generated in that step are then preferably treated as a single 
entity for the sake of zonal analysis, as given in block 56. It is noted that the preferred 
method also analyzes the individual defects during zonal analysis, in addition to the 

25 signatures. If the signature of a particular type falls into a particular zone of interest on 
the substrate, as identified by the user such as through a recipe, then the process branches 
as given in block 58. When a relationship is found, the entire signature of defects is 
reclassified according to the user's recipe, as given in block 62. If a relationship is not 
found, then the existing classification of the signature is retained. 
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[0035] Because this zonal analysis produces defect level classifications only, and not the 
event level classifications of prior art systems, this analysis is not limited to any specific 
intended application, such as the mere binning of the number of defects and the density of 
defects. Instead, the present method allows any attribute based analysis to follow, as 
5 given in block 18 of Fig. 1. For example, defect density or defect count can be calculated 
for each zone, as was previously possible, however, a new classification can be used for 
excursion detection, for example. Thus, prior art zonal analyses provide only a subset of 
the capabilities of fhe new method. 

Multi-Factor spatial signature analysis 

10 [0036] Detection of problems such as process excursions is typically based on 
information such as total defect count of signatures, total number of signatures of a 
particular type (such as a scratch), and detection of a particular type of signature (such as 
a ring). However, current methods do not identify process problems based on 
combinations of information fi-om different types of detected signatures, whereas the 

15 method described herein looks at combinations of signatures to identify processing 
problems. 

[0037] For example, detection of a single signature such as ring may indicate one process 
problem or excursion, whereas detection of the same ring in combination with heavy 
vertical lines may indicate a completely different process excursion. The first condition 
20 may not be harmful, whereas the second condition may require immediate attention to 
reduce future yield losses. Therefore, looking at combinations of detected signatures 
tends to provide information that is more valuable than looking at isolated signature data, 
and increases the ability of the method to differentiate one process problem from another 

[0038] For example, the signature information that can be used in this method includes 
25 the number of defects, the average density of the defects, the number of dice on the 
substrate effected by the defects, the effective length of the defects, the area over which 
the defects are scattered, and the location of the defects, such as with respect to the center 
of the substrate. By looking at combinations of such information, rather than at isolated 
events, a greater amoimt of process information can be deduced. 



Page 12 of 21 



Express Mail Ubel Number: EV 327 364 033 US 



[0039] For example, in one embodiment, the defects on the substrate are detected, as 
given in block 22 of Fig. 2. The various signatures inherent in the defect data are then 
detected, as given in block 24. Predetermined combinations of signatures are next found, 
as given in block 26, which predetermined combinations indicate various process 
5 problems.. Each process problem is assigned an identification, and the signatures 
associated v^th the process problem are identified. When that combination of signatures 
is detected, an identification is assigned to the inspected substrate that exhibits the 
detected condition, and this information is stored in a database of some type, such as for 
future reference, as given in block 28. Preferably, multiple identifications can be assigned 
10 to each substrate, based on the signature combinations that are found on the substrate. For 
example, there may be more than one process with a problem at a given time, the effects 
of which can be optically identified on the substrate. 

[0040] This method can be implemented such as in a table that is interrogated during an 
analysis, where each row includes information in regard to a particular process problem. 

15 For example, the table may include information such as a numeric and string 
identification for the problem, a Boolean or other expression of the signature combination 
that identifies that problem, a description of remedial or reporting actions to be taken 
when the problem is identified, and an identification of the relative severity of the 
problem. In addition, the table may include an identification of the layer on which the 

20 problem occurs, such as a planarized layer, a lithographic layer, an etched layer, a 
deposited layer, and so forth. This may be important, because a ring signature may have 
a different interpretation on a planarized layer than it does on a lithographic layer, for 
example. 

Spatial substrate stacking 

25 [0041] Spatial analysis operates on information that is typically extracted from a single 
substrate that underwent a particidar process or tool manipulation. The success of the 
spatial analysis, such as signature analysis or repeater analysis, tends to rely on whether 
the single substrate from which the data is collected is sufficiently impacted by the 
process or tool excursion, such that the substrate receives a sufficient number of spatial 
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characteristics, and spatial characteristics of a sufficient intensity, such that the spatial 
characteristics rise above the noise level of other optically detectable events on the 
substrate. Since these conditions are not always met, substrate level spatial analysis may 
leave a grovmig critical process excursion undetected until it causes serious damage to 
5 the yield of the process or tool. 

[0042] To detect these critical but hard to find excursions, spatial signature analysis is 
preferably performed on defect data that is accumulated from many different substrates, 
as given in block 32 of Fig. 3, that all have the same or similar process history. 
Preferably, a mechanism is used to select for stacking the data from many different 

10 substrates with a common processing history, as given in block 34. The data selection 
process preferably includes correlating defect data with work in progress information, 
and is preferably user configurable. The work in progress data includes the common 
process history information for the substrates. Thus, the work in progress data includes 
information such as, for example, which substrates were processed in a given chamber. 

15 By stacking the substrate information in such a manner, process departures for a given 
process history can be more easily detected. 

[0043] For example, the selection process may include a single substrate (meaning no 
stacking), an enture lot of substrates, an entire data set as determined by something other 
than lot, every n* inspected substrate in the data set, or some other sampling mechanism 
20 as desired, and a previously computed split attribute, such as by process tool or process 
chamber. 

[0044] The spatial information contained within the different substrates that are selected 
as given above is preferably combined for the analysis, as given in block 36. This process 
preferably includes creating an effectual set of composite data that looks like it came 
25 from a single substrate, so that it can be processed by any spatial analysis routine, such as 
spatial signature analysis or repeater analysis, as given in block 38. The effectual 
substrate data is referred to herein as the "substrate stack." Preferably, the method 
wherein the substrate stack is created takes into account various possible differences in 
the data sets for individual substrates, such as data translation, rotation, and scaling 
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misalignments that are a result of variations between different pieces of inspection 
equipment, temperature variations, aligrunent variations, and so forth. 

[0045] Spatial substrate stacking thus enhances the ability of the analysis routine to 
provide an early detection of process excursions that do not leave a pronounced signature 
5 on a substrate, at least not initially. Substrate stacking can be integrated into various 
systems, such as an inspection tool analysis engine, where it is invoked as a part of a 
runtime inspection sequence. For example, the method can be used to stack a selected 
subset of substrate data at the end of each lot of substrates that is inspected by the tool, 
and then used to report the results through the tool connection to the management 
10 engineering system, which is preferably configured to trigger on such an excursion. 

[0046] Alternately, the method can be implemented in a load time analysis engine, and 
invoked firom a lot based event. This allows stacking on data firom many different 
inspection tools and from inspection tools made by different manufacturers. Further yet, 
the method can be implemented in an engineering data analysis engine, which thereby 
15 allows the greatest flexibility in selecting data from a large defect and work in progress 
database. 

Hierarchical defect classification 

[0047] Substrate defects range in size from big defects of a few centimeters in size, to 
small defects having a size on the order of the thickness of a human hair. For example, on 

20 a typical three hundred millimeter diameter substrate, defects range from the global 
signature of a big circular ring defect covering the substrate edge boundary, to a small 
particle that may be only twenty-five microns in diameter. Hierarchical classification uses 
an ordered selection of analysis methods, such as spatial signature analysis and automatic 
defect classification, to classify the defects, thereby providing the ability to automatically 

25 classify substrate defects of various sizes in a semiconductor substrate process. 

[0048] The hierarchical classification method described herein automatically classifies 
substrate defects using a multi-stepped approach, such as a two step approach, which is 
implemented after the defects are detected, as given in block 42 of Fig, 4. The first step is 
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to automatically analyze the defects using the first analysis method as given in block 44, 
which is preferably spatial signature analysis, which is useful to classify larger defects 
into a set of defined signatures, as given in block 46. The second step is to use the 
detailed spatial signature analysis results including the bounding boxes, of those small 
5 localized defects that did not produce spatial signature analysis signatures, as given in 
block 48, to fiirther analyze their gray level images and automatically classify the small 
defects into a set of defined defect classes, preferably using automated defect 
classification, as given in block 50. 

[0049] The preferred flow of the inspection post-processing is as follows. The inspection 
10 tool preferably generates an image of the substrate. The defects on the substrate, 
represented by "defective" pixels in the image, are identified by one or more of a number 
of different thresholding methods, and the defects are converted into points on the 
substrate. Most preferably, this includes identification of a bounding box size. Spatial 
signature analysis of the entire substrate, or at least of the inspected area of the substrate, 
15 is then performed on this data, which is preferably the collection of points representing 
thresholded defective pixels. 

[0050] The result of the spatial analysis is two-fold. First, spatially recognizable pattems 
of defects are classified by the spatial signature analysis. Second, the rest of the defects 
are either random events or belong to spatial clusters whose shape is not recognizable by 

20 the spatial signature analysis with sufficient accuracy or confidence. In the latter case, 
spatial signature analysis still provides useful information by providing the boxmding box 
around the clusters of spatially correlated defects to indicate to the subsequent automatic 
defect classification scheme what to classify, i.e. what are the patch images. Finally, the 
automatic defect classification routine receives an image for each bounding box supplied 

25 by the spatial signature analysis, and performs detailed classification using the fiiU image 
information. 

[0051] This automatic hierarchical classification method enables the quick detection of 
yield related process problems, and implementation of corrective action into the 
processes in a timely manner, which speeds up root cause analysis in yield process 
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management and reduces the cost of substrate rework. The opportunities for savings are 
expected to be greater on shrinking technologies having higher substrate and die costs. 

[0052] The foregoing description of preferred embodiments for this invention has been 
presented for purposes of illustration and description. It is not intended to be exhaustive 

5 or to limit the invention to the precise form disclosed. Obvious modifications or 
variations are possible in light of the above teachings. The embodiments are chosen and 
described in an effort to provide the best illustrations of the principles of the invention 
and its practical application, and to thereby enable one of ordinary skill in the art to 
utilize the invention in various embodiments and with various modifications as are suited 

10 to the particular use contemplated. All such modifications and variations are within the 
scope of the invention as determined by the appended claims when interpreted in 
accordance with the breadth to which they are fairly, legally, and equitably entitled. 
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